PathWhiz is a web server built to facilitate the creation of colorful, interactive, visually pleasing pathway diagrams that are rich in biological information. The pathways generated by this online application are machine-readable and fully compatible with essentially all web-browsers and computer operating systems. It uses a specially developed, web-enabled pathway drawing interface that permits the selection and placement of different combinations of pre-drawn biological or biochemical entities to depict reactions, interactions, transport processes and binding events. This palette of entities consists of chemical compounds, proteins, nucleic acids, cellular membranes, subcellular structures, tissues, and organs. All of the visual elements in it can be interactively adjusted and customized. Furthermore, because this tool is a web server, all pathways and pathway elements are publicly accessible. This kind of pathway "crowd sourcing" means that PathWhiz already contains a large and rapidly growing collection of previously drawn pathways and pathway elements. Here we describe a protocol for the quick and easy creation of new pathways and the alteration of existing pathways. To further facilitate pathway editing and creation, the tool contains replication and propagation functions. The replication function allows existing pathways to be used as templates to create or edit new pathways. The propagation function allows one to take an existing pathway and automatically propagate it across different species. Pathways created with this tool can be "re-styled" into different formats (KEGG-like or text-book like), colored with different backgrounds, exported to BioPAX, SBGN-ML, SBML, or PWML data exchange formats, and downloaded as PNG or SVG images. The pathways can easily be incorporated into online databases, integrated into presentations, posters or publications, or used exclusively for online visualization and exploration. This protocol has been successfully applied to generate over 2,000 pathway diagrams, which are now found in many online databases including HMDB, DrugBank, SMPDB, and ECMDB.
Introduction
Biological pathway diagrams are like blueprints for life scientists. They are perhaps the most concise and informative routes for depicting biological processes and the contextual connections between genes, proteins, and metabolites. This is because images are much more efficiently processed and often much more easily understood by humans than text 1 . The quality, detail, and content of pathway diagrams can vary considerably. These differences often depend on the intended purpose of the pathway and the skills of the pathway artist. Pathways created for educational purposes such as wall charts or textbooks are often created by professional artists. As a result, these pathway diagrams are much more visually pleasing and offer considerably more biological detail with full depictions of metabolite structures, subcellular components, cell structures, tissues, and organs. These "textbook" representations often include detailed notes and commentaries. On the other hand, pathway diagrams designed for internet applications often have to sacrifice artistry and visual richness in favor of simplified machine readable "wiring" diagrams. These wireframe diagrams are more easily image-mapped and hyperlinked. Simplified pathway diagrams are the basis to such popular online pathway databases as KEGG . The emergence of computer-compatible pathway databases has also led to the appearance of computer-compatible pathway drawing tools. In other words, one does not have to be a professional artist or a professional programmer to generate useable pathway diagrams. For instance, BioCyc's Pathway tools 6 and
Wikipathway's PathVisio software 7 allow users to freely generate and share machine-readable pathways in BioPAX 8 and/or HTML format.
Additionally, there are a number of other stand-alone freeware packages as well as commercial packages that support the generation of various machine-readable, wire-frame pathways, such as Cytoscape , PathWhiz 14 has since been extended to support pathway generation for many other organisms and to function as a general pathway image and knowledge database. In particular, this web tool allows for the creation of the full range of biochemical/biological pathways including metabolic, protein interaction, molecular signaling, physiological, and drug/disease pathways. This pathway drawing tool differs from most other pathway generating tools in three major ways: 1) it is a web server rather than a stand-alone, installable software package; 2) it supports the facile generation and interactive visualization of chemical compounds, proteins, nucleic acids, cellular membranes, subcellular structures, tissues, and organs; and 3) it allows users to easily borrow, build or improve upon the work of other users, thereby allowing "crowd-sourced" pathway generation. As a web server, it has several advantages over downloadable, platform-specific software tools. In particular, it is compatible with any platform, operating system and modern web browser. Furthermore, it does not require the user to register in order to begin creating a pathway (though users can freely create a "private account" in order to track and control the accessibility of the pathways they create). Perhaps the most appealing feature of this tool is the amount of biological and biochemical detail that can be easily added into any pathway through a palette of pre-rendered images and an extensive database of protein and biochemical data. This allows both "non-artists" and "non-programmers" to easily create colorful, aesthetically pleasing and richly detailed pathways that are web-compatible and fully machine-readable. A more detailed comparison between PathWhiz and other pathway drawing tools is provided in Table 1 .
A number of popular life science databases have already used this pathway drawing tool to create database-specific, online, interactive pathway diagrams. For instance, the Escherichia coli Metabolome Database (ECMDB) 15 recently updated its pathway library with more than 1,650 pathways drawn using web based tool. Each pathway in the ECMDB is now displayed as a richly colored, fully hyperlinked image map with detailed metabolite and protein structure depictions, as well as a simplified black and white KEGG-like wire diagram. This large-scale pathway update led to the discovery of many intermediate metabolites that had not been previously included in other Escherichia coli metabolic databases. Other databases, such as the Human Metabolome Database (HMDB) 15 , not only rely on PathWhiz pathways to depict and describe metabolic and signaling pathways, but also to depict the metabolic changes involved in diseases such as cancer. HMDB currently includes 101 metabolic pathways, 376 drug action pathways, 233 disease-associated pathways and 16 signaling pathways, all generated through this web tool.
The following protocol describes in detail how PathWhiz can be used to easily create, replicate, and propagate biochemical pathways for a variety of purposes and applications.
Protocol

Pathway Generation
1. Go to http://smpdb.ca/pathwhiz using any modern web browser. 2. From the menu bar, select either "Try Me!" to use the tool as a guest (pathways drawn will be public), "Sign Up" to register for an account (pathways drawn will only be editable by the user), or "Log In" to use an existing account. To register for an account, go to step 1.2.1, otherwise go to step 1.3. 1. To register for an account, fill in the form with an email, name, affiliation, city, country, and 8 character minimum password with password confirmation, then click "Sign Up".
3.
If not automatically redirected to the pathway index, select the "Draw" link in the menu bar. This index page will show a table of existing pathways. Click the "New Pathway" button to start a new pathway. 4. Enter the name of the pathway to be drawn (e.g. TCA Cycle). 5. Choose the type of pathway to draw from the drop down list (e.g. Disease/Drug/Metabolic/Signaling/Physiological). It is possible to generate chemical pathways as well as protein signaling, DNA/RNA pathways, or protein-protein interaction pathways. 6. Search and choose a species by typing the scientific name of the organism in the autocomplete box (e.g., type Escherichia coli). If the name of the organism is not found in the drop down list, click the "New" button and follow steps 1.6.1 to 1.6.5 to add a new organism, otherwise proceed to step 1.7. 1. Enter the scientific name of the species (e.g. Gorilla gorilla) and the common name (e.g. Gorilla).
2. Choose the classification of the species from the drop down list as Eukaryote or Prokaryote and enter the taxonomy ID from the NCBI taxonomy (e.g. 9593). 3. Click the "Create Species" button.
7. Enter a comprehensive description for the pathway. See Supplementary File 1 for an example of a description. The more complete the description, the easier it is to search and find the pathway, and the more popular the pathway will be among users. 8. Add external references to the pathway by clicking the "Add Reference" button and following steps 1.8.1 to 1.8.2, otherwise go to step 1.9.
1. Enter the PubMed ID (which will automatically generate the citation text) or add the citation text manually (and leave the PubMed ID field empty) (e. 4. To edit the information for an entire process, double click any of its elements (they will become surrounded by a dashed grey box) and access the "Edit Selected" link in the secondary menu bar (grey). Two options will be displayed: "Edit <Element>" and "Edit <Process>". NOTE: "Edit <Element>" will direct users to the sidebar for the corresponding element. "Edit <Process>" will unveil options to "Edit Details", change the direction in which the process is rendered (Horizontal/Vertical and Left/Right), or reconnect the edges (also Horizontal/Vertical and Left/Right). Clicking the Edit Details link will lead to a screen where details of the reaction and all its elements can be edited at once, including Biological States, templates, and z-indexes. Enzymes can be added or removed from the display, and elements and edges can be hidden if desired. For example, double click the Hydrogen Ion element, and then click on "Edit Selected". Place cursor over "Edit Acetyl-CoA + Oxaloacetic acid + Water → Citric acid + Coenzyme A + Hydrogen Ion" and select "Edit Details". Add a Biological State for each compound (Escherichia coli, Cell, Cytoplasm). Once done, go to the bottom of the page and click the purple "Update Reaction" button. Only enzymes that are already associated with this reaction can be added to the pathway at this stage. If new enzymes need to be added to the reaction model, return to the reaction index (under the "Processes" tab), find the desired reaction, and add them there. 5. Edit the reaction edges through a single click or a double click.
1. Select the reaction edges to manipulate them in the same way as compounds and proteins. Click and drag on the edge to move the whole edge. NOTE: The start and end points can also be clicked and dragged to change the edge length. When the start/end point of an edge has been selected, the associated "knob" can be adjusted to control the direction and curvature of the start/end point. To add extra nodes to the edge, select the edge and note the blue rectangle that appears. Click the upper half of the rectangle to add a node and click the lower half to remove a node. 2. Double-click the start/end point of an edge to cycle the start/end point through the pointed arrow, blocking arrow, and no arrow options.
16. Once the first reaction has been drawn as desired, select a product of the reaction (e.g. Citric Acid) by double clicking it (notice the change in color to red) in order to add the next process onto this reaction product (in this case Citric Acid to cis-Aconitic Acid via Aconitate Hydratase). 17. Once selected, click the "Add Process" tab and click the "Add Reaction" option. 18 . Add another reaction to the TCA Cycle (in this particular example) by repeating the process for adding a reaction (steps 1.11 to 1.15). Since this reaction is being built off an existing reaction product, only reactions that contain the selected element will appear. 19. Add the remaining reactions for the TCA Cycle by following steps 1.11 to 1.15 for each reaction. 20. Once all reactions have been added, add visual elements such as membranes, DNA, tRNAs, subcellular organelles, organs, tissues, zoom boxes or labels by clicking the "Add Visual Element" link and selecting one of the "Add Membrane", "Add Image", "Add Zoom Box" or "Add Label" options. Follow steps 1.20.1 to 1.20.4 to add visual elements. 1. Click the "Add Membrane" option to add a cellular membrane. Edit this membrane by double clicking it to access the sidebar. Choose the type of membrane in the template field located on the sidebar. Select the "Enclosed membrane" option to render a boxed membrane. 2. Click the "Add Image" option to add an image currently existing in the PathWhiz database (standard images include organs, organelles, and tissues). Edit the image by double clicking it to access a sidebar. Edit options are self-explanatory and include depth scaling with the z-index, scale up/scale down, and rotate left/rotate right. 3. Click the "Add Zoom Box" option to add a zoom box to a particular image. 4. Click the "Add Label" option to add a text label. Edit the label by double clicking it to access its sidebar. Editing options include the label template, text, and z-index. NOTE: The "Add Vacuous Element" link offers options for adding extraneous compounds, proteins, nucleic acids, element collections, or edges to the canvas that are not associated with any process. These elements will show up initially in the upper left corner of the canvas. They appear as arbitrary elements that can be edited in the sidebar, where the user can choose the desired element and change the visualization details of said element. The element should be incorporated into the pathway before adding any new vacuous elements in order to maintain pathway neatness. Vacuous elements are only meant to assist in visual understanding (i.e. illustrating the presence of multiple tRNAs during transcription) and not to represent integral process components. They should be used sparingly as they will only show up in the visualization, and are not incorporated into the machine-readable formats (BioPAX, SBML, SBGN, PWML).
21. Add a sub-pathway by clicking the "Add Process" link and selecting the "Add Sub-Pathway" option. NOTE: Sub-pathways can also be chained to existing reactions, in the same way as demonstrated in steps 1.16 to 1.18. The addition of subpathways can reduce the complexity of large or complex pathways. They can also be used to provide additional information on connections between known pathways. 22. Search for the sub-pathway name in the autocomplete box. Only sub-pathways that have been already defined for this pathway will appear in the autocomplete box, thus if this is a new pathway, no sub-pathways will appear. If the desired sub-pathway does not exist, click the "New Sub-Pathway" button and follow steps 1.22.1 to 1.22.3. 1. Select the sub-pathway type (Sub Pathway/Inhibitory Sub Pathway/Activating Sub Pathway). 2. Enter the sub-pathway name. 3. Add input and output elements to the sub-pathway in the same fashion as adding reactants and products to a reaction (steps 1.11.1 to 1.11.3 above). NOTE: A sub-pathway should have at least one input or output element. This allows it to be connected to the other processes in the pathway, in the same way as reactions are chained (steps 1.16 to 1.18 above).
Representative Results
The web server's main pathway generation tool described in this manuscript is shown in Figure 1 and Figure 2 . Menu options provided by each tab are also shown. Figures 3 and 4 provide a set of screenshots of the pathway creation process. Figure 5 provides a set of screenshots of the reaction creation process. Figure 6 shows the online pathway viewer and its menu.
PathWhiz can be used to generate pathways with various content types and styles. These include "traditional" metabolic pathways (Figure  7 ), disease and drug pathways showing side effects (Figure 8 ) and drug responses (Figure 9) , as well as protein signaling pathways ( Figure  10 ). Pathways may be richly colored with considerable biological detail or they may be converted to simple black and white representations (Figure 11 ). Once completed, these pathways may be viewed in the interactive pathway viewer (Figure 6 ), downloaded as images, or exported in several different machine-readable data exchange formats for further analysis. Note that the quality of the different data exchange formats depends on the quality of data inputted when originally drawing the pathway. For example, adding more reaction detail (i.e. stoichiometry, biological states) will produce more comprehensive BioPAX. On the other hand, pathways drawn with overlapping elements (for visual reasons, such as showing bound elements or protein complexes) may also produce overlapping glyphs in SBGN-ML. provides links to add and edit visual pathway elements in the current pathway diagram, such as reactions, interactions, transport processes, sub-pathways, compounds, proteins, nucleic acids, as well as membranes, cellular/subcellular images, zoom boxes, and labels. This menu also includes two tabs that permit the editing of selected elements or the editing of the canvas. The gridded white canvas below menu bars is where the reaction pathways and processes will be added. The zoom box works as a visual cue to indicate the magnification of a selected area in an image. It consists of a small square that is connected to a re-sizeable quadrilateral. The small square is placed on the area that is to be expanded or zoomed, while the quadrilateral works as a canvas in which one can add the reactions that happen in the selected area (by the smaller square). Edit the zoom box by double clicking it to access its sidebar. Editing options include drop down lists for template, color, and zindex. The rendering orientation of the zoom box can be changed by selecting top, right, left or bottom in the template tab. When the zoom box is selected, the black circles can be dragged to resize and reformat the different zoom box components. Please click here to view a larger version of this figure. greater number of enzymes. Attempting to propagate pathways between significantly dissimilar species (say between yeast and humans) will result in pathways being rendered with a number of unknown proteins. These "distantly" propagated pathways will usually require additional manual editing. Due to the highly visual nature of pathway diagrams and the detail that can be brought to a pathway, it is always a good idea to work on a computer with a reasonably large screen (>20 inches or >50 cm) and a good internet connection (>5 mbps).
If problems with rendering or screen refreshing are encountered, the user may have to do a small amount of troubleshooting. If a large, complex pathway takes too long to update, the user may have to refresh the page. If a pathway does not propagate as expected, the user may have to do some manual editing to ensure that all elements are displayed correctly. Also, as a more specific example, if elements of a reaction are not displayed, the user may have to make sure that all elements or enzymes are properly selected and the edges are not hidden. The "Help" link on the main header may be useful if a problem is encountered. A tutorial is available under the "Tutorial" tab and a user manual is available under "User Guides" tab. Both explain many of the tool's features in detail. The User Guide may be used to troubleshoot or explain potential limitations for a particular feature, such as when a user locks a pathway and later wishes to edit it.
As highlighted through this protocol and through the examples provided in the accompanying figures, this tool offers a number of unique features not found in any (or most) other pathway drawing tools (see Table 1 ). First, it is fully web-based and completely platform-independent. Second, it supports the rendering and facile generation of multicolored, biologically complex, visually pleasing, fully hyperlinked pathway diagrams that can also be converted to machine-readable formats (BioPAX, SBGN-ML 18 , SBML 19 , PWML 14 ). Third, pathway diagrams generated by this tool can be browsed, searched, selected and easily explored through an easy-to-use online database and viewing interface. Fourth, the web tool is designed to support community pathway contributions, allowing for "pathway crowd sourcing" that encourages the sharing and generation of new pathways and new pathway elements.
Pathways generated by this web based tool can be used for a variety of applications. Richly detailed, fully hyperlinked pathways can be readily integrated into organism-specific databases for proteomics, metabolomics or systems biology applications. Internet-accessible pathways are especially useful for education and training purposes, as the details available through web-based images are often much greater than what can be displayed via a static image or through a single textbook or journal page. This web based tool also supports the generation of pathway representations that are more suited for printing and publication. As a result, many images generated by this web based tool are appearing in papers, posters and slide presentations. Exporting pathways into text-based data exchange file formats (such as BioPAX and SBML) allows for pathways generated using this web server to be used directly in computational analysis for systems biology or metabolic modeling applications. Propagating pathways between species allows inferences to be made about biological processes, especially among those species that have been very recently sequenced. While not all existing pathways currently exist in PathWhiz, its public pathway database continues to grow, leading to the emergence of new, crowd-sourced pathway collections. These collections will not only be readily extendable to new species, they will hopefully lead to a deeper understanding of their unique biology and biochemistry.
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